Introduction
Clothing is an intimate part of our environment. Since clothing provides the first and most important barrier for heat and water exchange between the human body and the environment, many studies have been reported on the thermal properties of clothing. Seppänen et al. [1] measured the insulation value of clothing ensembles for college students using an adult thermal manikin and obtained results of 0.48-1 clo and 0.21-1.09 clo for college men and women respectively. Sprague and Munson [2] measured basic clothing insulation for typical indoor ensembles and suggested that the clothing insulation of ensemble ( y) could be estimated from the sum of each garment insulation (x) by the equation yϭ0.727xϩ0.113 for men and yϭ0.770xϩ0.05 for women. McCullough et al. [3] showed significant variations in the clothing insulation for several designs due to variations in the clothing area even though total insulation was essen-tially constant. McCullough et al. [4] measured clothing insulation for 115 garments and 60 ensembles and suggested the formula estimating insulation values from the area covered by clothing, the weight and the thickness of the fabric. In Japan, Mihira and Hanada [5] measured clothing insulation during rest and walking using a movable adult manikin. Tamura et al. [6, 7, 8] reported the relationships between the thermal insulation and the area covered by clothing, thickness of the air layer and number of garments using a standing dry manikin. Tamura et al. [9] developed a sweating thermal manikin and evaluated the dry and evaporative heat resistance of the Japanese kimono and Asian traditional costumes using a manikin. These studies, however, were all conducted using adult sized manikins. The environmental conditions of the infant are much different from that of the adult, and thus the role of clothing seems to be more important to the infant than to the adult. To explain
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Dry and evaporative heat resistances of 12 experimental garments were determined in a climatic chamber using a newly developed sweating thermal manikin of a two-year-old Japanese infant. The experimental garments were made of a polyethylene film that was ˙i) un-perforated, and ii) perforated with two different hole diameters, i.e. 1.5 and 2.5 mm/cm 2 , in addition, four different garment designs were developed. Surface areas covered by the clothing ranged from approximately 10, 30, 65, and 83% of the manikin total body surface area. The dry heat resistance of the film clothing significantly increased as the surface area of the body covered by the clothing increased, but was affected by the hole diameters of the clothing. Linear regression equations were obtained between both the dry and wet heat resistance, and the area covered. The evaporative heat resistance also increased significantly with the area covered, while decreased significantly as the holes diameters of the clothing increased. Multiple regression equations were obtained between the evaporative heat resistance and the area covered by the clothing. The results showed that the dry and evaporative heat resistances of the clothing had a few characteristics differences, but the area covered by the clothing was the most dominant influence on both dry and wet insulation of the clothing. These results were similar to the results obtained using an adult manikin but the insulation value of the infant clothing were less than those of the adult clothing which is made of the same film and the same design.
why few studies on the thermal properties of infant's clothing have been conducted, two facts were considered. One reason is because infants are too difficult to use as subjects in this type of study. The other is because there were no infant sized thermal manikins although it was pointed out that the body size difference, especially surface-to-mass ratio, affected the heat exchange between the human body and the environment. In the present study, the effects of the body surface area covered by clothing and air permeability of fabric on dry and evaporative heat resistance of the infant's clothing were examined using a sweating thermal manikin of an infant which was developed recently in our laboratory. For this purpose 12 experimental film garments were evaluated.
Materials and Methods

Experimental conditions
An infant-sized sweating thermal manikin previously reported [10] was used in this study. The manikin had 16 different segments excluding the head and was able to be placed in a standing, sitting, or walking positions. The surface temperature of each segment could be controlled independently. In the present study it was controlled within 33Ϯ0.5°C. The sweat rate in each segment was controlled from 0.063 g/min to 5.300 g/min through computer controlled peristaltic pumps. The skin wettedness was approximately 0.65 when the manikin's skin was fully wetted.
Experiments were conducted in a climatic chamber at Bunka Women's University. Tests were conducted in two manikin modes, i.e. dry and wet conditions. Average air temperatures measured at the height of the chest, thigh and foot were controlled to 25Ϯ 0.5°C in dry tests, and 31Ϯ0.5°C in wet tests. The relative humidity was controlled to 50Ϯ10%. Air velocity was limited to less than 0.1 m/s. The evaporation rate from the outer surface of the clothed manikin was measured using an automatically operated beam balance with a resolution of 1 g, which was located under the manikin. After stabilizing the surface temperature for 10 minutes, the surface temperature and heat flow from the 16 segments were measured for 30 minutes in both dry and wet tests. The data of the last five minutes during the period of each test were used for analysis. Measurements were replicated three times in a random manner and the difference was limited within 5%. If the replicates results varied by more than 5% the test was repeated. The interval between measurements was enough to cool down the manikin.
Experimental garments
The four experimental garments designs were made up in each of the three versions of the polyethylene film. Polyethylene film was used as a material for the experimental garment to simplify the factors influencing the heat and moisture transfer though clothing. Because the fabric was impermeable it would be possible to calculate directly the evaporative heat loss by subtracting the dry heat loss from the total heat loss. Un-perforated polyethylene film and the film perforated with two different holes diameters, 1.5 and 2.5 mm/cm 2 , was prepared. The properties of these films are shown in Table 1 . As shown in Fig. 1 , the experimental clothing covered four different surface areas, 10, 30, 65, and 83% of the total body surface area. Four surface areas covered by the clothing were decided from examination of typical infants' clothing ensembles found in the market place. For example, 10% represented the wearing of only a diaper in summer, 30% represented a sleeveless shirt and a diaper, 65% represented a half-sleeve shirt and trousers and 83% represented a long-sleeve shirt and trousers.
Calculations
Dry and evaporative heat resistance of each experimental garment (Rd, Re) was calculated using the following equations: using ANOVA.
Results
1) Dry test modes
The surface temperature change of the manikin in dry condition during the test is shown in Fig. 2a . The temperature of each body part reached a steady state of 33Ϯ0.5°C in about 15minutes and remaining constant for 30 minutes. The average data in the last five minutes did not differ by more than 1% from the average data over 30 minutes.
The results are summarized in Table 2 . Figure 3a shows dry heat loss from 16 segments of the manikin dressed in 12 different perforated polyethylene film garments. The heat loss from each segment ranged from 114.03 to 165.09 W/m 2 . The heat loss from the hands and thighs were greater than those from the other segments, possibly due to the small curvature diameter of the segments or partly due to the heat loss from the joints. These results agreed with those reported by Tamura et al. [7] and Tanabe et al. [11] obtained using adult manikins. The mean heat loss was the smallest in the case of the area covered 83 % and the largest in the case of 10%.
The heat resistances of the whole body ranged from 0.050 to 0.063°C · m 2 /W. Since the heat resistance of the nude body in standing position was measured as 0.049°C · m 2 /W, the effective heat resistances of the film garments were calculated as ranging from 0.0009 to 0.0141°C · m 2 /W. The effective heat resistance, as shown in Fig. 4a , was strongly related to the area covered (rϭ0.99, pϽ0.01). The effect of holes diameter perforated on the film was not significant, but showed a tendency of deceasing with decreasing hole diameters.
The net area covered, which was recalculated by subtracting the total area of the holes from the area covered, was 9.30, 27.90, 60.45, 77.19% for the 1.5 mm/cm 2 holes garments and was 7.20, 21.60, 46.80, 59.76% for the 2.5 mm/cm 2 holes garments. As shown in Fig. 5a , dry heat resistance of the film garments increased significantly with the net area covered and linear-regression equations were obtained between the area covered and the dry heat resistance. The result showed the effective heat resistance of the film garments was smaller than boundary air layer resistance to dry heat transfer, and it accounted for less than one-fifth of the total heat resistance.
2) Wet test modes
The changes in surface temperature of the manikin in wet condition during a test are shown in Fig. 2b . Although the first increase varied more widely in the wet test than in the dry test, the temperature was controlled well after 15 minutes and maintained a steady state of 33Ϯ0.5°C for more than 30 minutes.
The results are summarized in Table 3 . Figure 3b shows the total heat loss from each seg- ment of the manikin in wet conditions. The total heat loss ranged from 100.36 to 369.70 W/m 2 . The heat loss from the hands and thighs was greater than those from the other segments, which was similar to the results of the dry test. The heat loss from each segment was significantly different, that is, the heat loss from the naked segments was larger than that from the covered segments. The mean total heat loss decreased significantly with the area covered by clothing and increased significantly with the holes diameters on the film. The evaporative heat resistances of the whole body film clothing ranged from 0.012 to 0.036 m 2 · kPa/W. Since the evaporative heat resistance of the nude body in standing was 0.009 m 2 · kPa/W, the effective evaporative heat resistances of the film garments were calculated to be from 0.003 to 0.027 m 2 · kPa/W. The result showed that the effective evaporative heat resistance of the film clothing was smaller than that of the outer air layer. This trend is similar to that found for dry heat resistance. It was less than onethird of the total evaporative heat resistance.
Evaporative heat resistance also increased significantly with the area covered and decreased significantly with the holes diameters on a film. The film clothing un-perforated, perforated with holes diameters of 1.5 and 2.5 mm/cm 2 , showed high, middle and low resistance, respectively. As shown in Fig. 4b , multiple regression equations were obtained between the evaporative heat resistance and the body surface area covered by clothing. The resistance increased more steeply when garments covered over 50% of the surface area, which was a little different from the relationship between the dry heat resistance and the area covered. The holes diameter perforated on the film clothing also showed a significant effect on the evaporative heat resistance, especially in garments covering over 50% of the sur-face area. This is also a little different from the result of the dry heat resistance. Figure 6 shows the relationship between the moisture permeability index and the area covered. The index ranged from 0.08 to 0.14. They were approximately 15% of the index found for general fabrics which ranges from 0.15 to 0.55 [12] .
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The net area covered also showed significant multiple regression equations with evaporative heat resistance as shown in Fig. 5b . Effective evaporative heat
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I.-H. Kang and T. Tamura   Table 3 . Summary of the results of the experiments of each perforated polyethylene film garments in wet modes. resistance of the clothing was approximately onethird of that of the outer air layer.
Discussion
A newly developed infant thermal manikin was used in this study. The surface temperature of the manikin was maintained 33Ϯ0.5°C for more than 30 minutes in both manikins modes, i.e., dry and wet test conditions. The results indicated that the temperature control system worked well not only in the naked condition, as reported previously, but also when wearing clothing, and the data obtained in this study were reliable.
A perforated polyethylene film garment was adopted as the experimental clothing. If the clothing made of normal woven fabrics was used in the experiment, the dry heat resistance of the clothing would change from dry to wet conditions partly due to the hydrophilic property of the fiber and partly due to the water absorption or wicking property of the fabrics. In the case of hydrophobic polyethylene film clothing, it was possible to calculate the wet heat loss by subtracting the dry heat loss that was estimated from the result in the dry test from the total heat loss in the wet condition.
The dry heat loss decreased as the area covered increased from 10 to 83%. Heat was supplied to the manikin's surface and transferred through the thin air layer under the clothing and thin film clothing by conduction and from the clothing surface to the outside by convection and radiation. As the thermal conductivity of the film was low (0.063 W/m · h ·°C), and the air layer under the clothing was also thin, the ratio of the effective heat resistance of the clothing to the total heat resistance was very low, approximately one fifth. The dry heat resistances of the experimental garments seemed to be mainly due to the air layer under the clothing.
Watanabe et al. [13] obtained linear regression equations between area covered and thermal resistance under static conditions using a Thermo-Integrator. Tamura et al. [6] also reported with experimental garments made of fabrics that the thermal resistance increased with an increase in the area covered, and the correlation coefficient 0.86 and a linear regression equation yϭ0.004xϪ0.074 were obtained between them. The results in the present study were in good agreement with these results qualitatively.
The results that the dry heat resistance was affected significantly by the area covered by clothing but affected minimally by the hole diameters indicated the film garment trapped still air even under the part with a hole, and the still air in the hole worked as an insulator under the environmental condition of air velocity less than 0.1 m/s. The evaporative heat resistance also increased significantly with the area covered, but the relationship with the area covered was different from that of the dry heat resistance. Linear regression equations were obtained in the dry condition, while multiple regression equations were obtained in the wet condition. Furthermore, the holes diameters on the film also affected significantly the evaporative heat resistance. These results were a little different from the results of the dry test. Breckenridge et al. [14] and Mecheels et al. [15] mentioned that the insulation properties of the clothing used are due largely to trapped air. Alder et al. [16] and Happer et al. [17] referred to the analogy between heat diffusion and mass transfer and suggested that the evaporative or mass transfer properties of the clothing should be affected similarly. These were the results of the woven fabrics. Our results, however, indicated that the characteristics of the dry and evaporative heat resistance of the film clothing were a little different, especially in the range of the area covered more than 50%. The results obtained were in agreement with the results obtained by Tamura et al. [9] , which examined the dry and evaporative heat resistance of the similar film garments using an adult sweating thermal manikin. The air and moisture beneath the general fabrics made of fiber could be ventilated through micro space among fibers, but in the case of the film clothing it could be ventilated and evaporated only through the hole perforated on the film because the polyethylene film was non-absorbent and the clothing was a tight-fitting type. Thus heat was able to transfer through the film garment by conduction, but the fabric was expected to completely interrupt moisture and water movement. Evaporative heat resistance, therefore, was affected more strictly by the holes size on the film than the dry heat resistance. The mechanisms for these phenomena should be clarified by further investigation.
In comparison of the results obtained using the infant manikin with the results of the adult manikin [Tamura et al., 9] , the effects of the body size of the manikin on the heat loss and the heat resistance were examined. Generally speaking, the larger the curvature is, the greater the heat loss is, that is, the surfaceto-mass ratio affects the heat loss as pointed out by Sulyok et al. [18] . The present study also showed that the dry heat loss from the infant 59.02 W/m 2 was greater than that from the adult manikin 37.21, conversely the dry heat resistance of the infant clothing 0.049 was less than the adults 0.090. As for the evaporative heat resistance of the clothing of the same materials and the similar design, the value for the infant was also less than that for the adult. It is obvious that both dry and evaporative heat resistance obtained would be different if the much different sized manikins used for measurement. In research or design of systems for the healthy and comfortable environment, various sized thermal manikins such as the infant or child, who has different body size from adult, should be used to evaluate the human-environmental systems.
